We reconsider the dynamics of the Universe in the presence of interactions in the cosmological dark sector. A class of interacting models is introduced via a real function f (r) of the ratio r between the energy densities of the (pressureless) cold dark matter (CDM) and dark energy (DE). The subclass of models for which the ratio r depends only on the scale factor is shown to be equivalent to unified models of the dark sector, i.e. models for which the CDM and DE components can be combined in order to form a unified dark fluid. For specific choices of the function f (r) we recover several models already studied in the literature. We analyse various special cases of this type of interacting models using a suitably modified version of the CLASS code combined with MontePython in order to constrain the parameter space with the data from supernova of type SNe Ia (JLA), the Hubble constant H0, cosmic chronometers (CC), baryon acoustic oscilations (BAO) and data from the Planck satellite (Planck TT). Our analysis shows that even if data from the late Universe (H0, SNe Ia and CC) indicate an interaction in the dark sector, the data related to the early Universe (BAO and Planck TT) constrain this interaction substantially, in particular for cases in which the background dynamics is strongly affected.
At the background level the Universe is considered to be homogeneous, isotropic and spatially flat and describable by the FLRW metric
where a is the scale factor. The expansion dynamics obeys Friedmann's equation
where H ≡ȧ/a is the Hubble rate, ρ and p are, respectively, the total energy density and the pressure of the material content of the Universe . Considering a GR context, the total cosmic fluid must be conservative,
We assume that the material content of the universe is composed of four components: radiation, baryons, CDM and DE, all of them described by ideal fluids with EoS p i = w i ρ i . The radiation component will be denoted by a subindex r and it is characterized by a state parameter w r = 1/3. Baryons are a pressureless component, and will be denoted by a subindex b (w b = 0). The CDM component is also pressureless, and will be denoted by a subindex c (w c = 0). Lastly, the DE component will be denoted by a subindex x, it is characterized by a constant EoS parameter w x = −1, which can be associated to a cosmological constant. The total energy density ρ and total pressure p are defined as the sum of contributions of all species, ρ = ρ r + ρ b + ρ c + ρ x and p = p r + p x .
It is convenient to introduce the density parameters
where the index i is running over all components of the universe (i = r, b, c, x). Then, Friedmann's equation can be rewritten as
Radiation and baryons are assumed to evolve independently, their energy densities are given bẏ
Since the nature of the dark sector is unknown, we consider a phenomenological interaction via T and T µν x are the energy-momentum tensors of CDM and DE, respectively. Because of our perfect-fluid description of CDM and DE, the spatial component of the covariant derivative of the energymomentum tensor must be identically zero, which means that the background interaction term is characterized only by a scalar function Q, such that Q µ = Qu µ . Then, the background energy conservation becomeṡ
These equations can be understood as an energy transfer between the dark components. The direction of the energy flux depends on the sign of the scalar function Q. For Q > 0 we have a process of decaying CDM and DE creation, for Q < 0 the opposite occurs.
Here we are interested in interactions of the type Q = 3HγR (ρ c , ρ x ), where γ is a dimensionless constant and R is a real function with dimension of an energy density. Using this interaction term, the energy balance equations (10) and (11) 
Note that, since R (ρ c , ρ x ) is a general function of ρ c and ρ x , these equations are coupled. Now it is convenient to introduce the ratio r of the energy densities of CDM and DE and to consider the time evolution of this quantity,
Combining the equations (12), (13) and (14) one obtains a differential equation for r, r + 3Hr γR ρ c + ρ x ρ c ρ x + 1 = 0.
Equation (15) can be used to decouple equations (12) and (13) in case there exists an analytical solution r = r (a). Under this condition one may find analytical solutions for ρ c and ρ x . To this purpose we require that the first term in the parenthesis of (15) is a function only of the ratio r, i.e.,
Using the structure (16) , equation (15) can be rewritten aṡ r + 3Hr γ f (r) + 1 = 0 .
Note that the solution of equation (17) is directly related to the cosmic coincidence problem (CCP) [52] . Any nonvanishing interaction will modify the ratio r compared to its dependence r ∝ a −3 within the ΛCDM model which is recovered for γ = 0. Interacting models have frequently been used to address the CCP (see, e.g., [24, 53, 54] ). As we shall show below, the behavior of the solution for r at a 1 can also be used to put constraints on the interaction strength.
Here, we are interested in the class of models for which equation (17) has an analytical solution r = r (a). In this case the interaction term R (ρ c , ρ x ) can be written in terms of only one of the energy densities and the scale factor,
Consequently, the energy balance equations (12) and (13) of the dark sector become separable,
This encodes the first result of the paper: for interactions resulting in a ratio of the energy densities of CDM and DE which depends only on the scale factor, the individual energy balance equations are always separable.
A priori, the function f (r) can be completely general, but, we assume as an ansatz that the interaction term has the following form,
where, on dimensional grounds, the relation α + β + σ = 1 must be satisfied. It is straightforward to see that the expression (21) corresponds to f (r) = r α−1 (r + 1) σ+1 . If σ is an integer, equation (21) can also be written as a power law using Newton's binomial series,
The same arguments can be used for interacting DE models with w x = −1 for which the inclusion of a factor (w x + 1) in the interaction term has been proposed as a way to avoid instabilities due the DE pressure perturbations [55, 56] . A similar mathematical formulation of interacting models using a function of the ratio between energy densities of CDM and DE can be found in [57] .
B. Unified description of interacting models
An interesting feature of the class of interacting models characterized by (13) is their equivalence to unified models of the dark sector. In other words, it is possible to combine CDM and DE into a single conservative dark fluid with an EoS
where the subindex d denotes the unified dark fluid. We define the energy density and the pressure of this dark fluid as a sum of the energy densities and pressures of the components,
respectively The dark-fluid energy density may be written in terms of r and only one of the energy densities ρ c or ρ x ,
respectively. Using the second of these options, we conclude that
This relation is completely general but the validity of equation (24) is restricted to interactions for which the ratio r depends only on the scale factor. In such a case the dark fluid satisfies the conservation equatioṅ
Then, the Hubble rate is obtained through Friedmann's equation using only the unified dark fluid instead of the CDM and DE components separately,
where ρ r and ρ b are, respectively, given by equations (8) and (9), and ρ d is the solution of equation (28) . To summarize: in order to describe the background dynamics, there are two equivalent options: the first option is to choose a function f (r), which means to choose a specific interaction. The second one is to start with an expression for the ratio r (a), and to apply equation (28) . Since f (r) and r (a) are related via equation (17), specifying only one of these quantities is sufficient.
III. PERTURBATIONS A. Conservation equations
Restricting ourselves to scalar perturbations in a spatially flat Universe, the perturbed Robertson-Walker metric in the Newtonian gauge with the scalar degrees of freedom ψ and φ is given by [58] ,
where, for convenience, the cosmic time t was replaced by the conformal time τ . In order to describe structure formation we have to solve the complete set of linear perturbation equations for all components of the Universe. The standard procedure to obtain the CMB temperature anisotropies is to compute the Boltzmann equations for all these components. Here we assume that baryons and radiation behave in the same way as they do in the ΛCDM model, i.e., interacting with each other via Thomson scattering before recombination but not directly with the dark sector, thus, the Boltzmann equations for these two components will be the same as the well-established equations [58] . However, since we do not have yet a microscopic description of the interaction between the dark components, corresponding Boltzmann equations are not available either. Instead, we have to use the fluid dynamical description for the components of the dark sector. Quite generally, the interaction term can be split into components parallel and orthogonal to the four-velocity,
The background contribution of the scalar function Q already appeared in equations (10) and (11) . Writing Q in the covariant form Q = ΘγR, its first-order part, denoted by a hat symbol, isQ =ΘγR + 3HγR. The termR depends on the interaction model, i.e., on the energy densities of the dark sector components, theΘ term can be obtained by linearization of the expansion scalar Θ ≡ u µ ;µ about the homogeneous and isotropic background. In the Newtonian gauge it results inΘ
Here, θ tot ≡ i k a ∂ a v tot where v tot is related to the spatial part of the total four-velocity of the cosmic medium bŷ u
The prime denotes a derivative with respect to the conformal time. The ideal fluid description of the dark components implies that the first-order contribution of F µ is purely spatial.
For the total first-order interaction term we haveQ µ = a Qψ +Q,
To obtain our basic set of equations we start by considering a general interacting perfect fluid with energy-momentum balance T µν ;ν = Q µ and constant EoS p = wρ. The first-order four-velocity of this fluid isû
where v is its peculiar velocity. Introducing the density contrast δ ≡ρ/ρ for this fluid, whereρ is its perturbed energy density and ρ is the corresponding background quantity, as well as θ ≡ i k a ∂ a v, the well-known energy and momentum conservations in the Newtonian gauge are given by [59] , s of dynamical DE has to be non-negative, Here, we follow the quintessence motivation [56, 59, 60] and we assume c 2 s = 1. Now we apply the general equations (33) and (34) to each of the dark components. For the CDM component we have,δ
Since w x = −1, the velocity θ x of the DE component has no dynamics. The energy balance iṡ
Note that even if w x = −1 the DE component agglomerates. According the equation (37) fluctuations of the DE component can have two sources: the first one is the non-adiabatic character of interacting DE, which leads to a physical sound speed different from the adiabatic sound speed (in this case, different from -1). Indeed, the nonadiabaticity can play an important role at the linear level [61] . The second one is the interaction term on the right-hand side of equation (37) . In order to solve the set of equations (35), (36) and (37), we use the well-established adiabatic initial conditions for interacting models [60] .
IV. SPECIFIC INTERACTING DE MODELS
In the most general case, equation (15) with (22) and (23) has no tractable analytical solution. For specific functions f (r), however, solutions can be found. For some simple choices of f (r) we shall recover models that have been previously studied in the literature. The interacting models will be called as IDEM (Interacting Dark Energy Model) followed by a number that will identify each model.
The simplest non-vanishing function is f (r) = 1, which corresponds to the case α = β = 1 in (22) . This parametrization leads to an interaction term
This interaction term coincides exactly with that of a decomposed generalized Chaplygin gas model [62] [63] [64] . With (38) equation (17) for r can be solved to yield
which recovers the corresponding expression in [65] . Note that, with the reasonable physical assumption that the interaction it is not too strong, i.e., |γ| < 1, the asymptotic behavior of r (a) is the same as in the ΛCDM model: if a → 0 then r (a) → ∞, which means a CDM domination over DE at early times; if a → ∞ then r (a) → 0, which means a DE domination over CDM in the far future. Figure 1 shows the solution of r (a) for different values of γ. For negative values of the interaction parameter (γ < 0) the ratio r (a) reaches the order of 1 earlier than in the standard model (γ = 0). In this sense, the CCP may be considered alleviated for γ < 0. The background solutions for the CDM and DE energy densities can be obtained solving the equations (12) and (13), which leads to,
With these energy densities of the dark sector components, Friedmann's equation (2) provides us with the Hubble rate square
In order to quantify the effect of the interaction on the background solutions it is convenient to analyze the density parameter Ω i (a) = ρ i /ρ cr , where ρ cr is the critical density, defined as ρ cr = 3H 2 /8πG. Figure 2 shows the density parameters for all components of the Universe using different values of γ. According to figure 2, negative values for the interaction parameter (γ < 0) delay the equivalence between radiation and matter (CDM + baryons). They also reduce the CDM component and increase the baryonic component during matter domination. Positive values for the interaction parameter (γ > 0) do the opposite. The existence of DE perturbations and the shift of the era of equivalence have notable and well-known impacts on the physics of the CMB anisotropies. While the DE perturbations mainly affect large scales of the CMB spectrum, a change of the era of equivalence considerably alters the radiation driving of the acoustic peaks and changes the balance between DM and baryonic matter, leading to a different baryon loading [66, 67] . In addition, it is expectable that a non-vanishing γ affects the distribution of matter inhomogeneities since the time of equivalence between radiation and matter is directly related to the location of the peak of the linear matter power spectrum and to the BAO imprint on it.
The equivalent unified dark-sector model is described through the quantities w d and ρ d , for which we find
and
respectively. Figure 3 shows the evolution of the effective dark EoS parameter for different values of γ. In the past the unified dark fluid behaves like CDM (when a → 0 we have w d → 0), and currently the value for w d is negative. Since a → ∞ leads to r → 0, the dark EoS parameter tends to w d = −1 in the far-future limit. Recalling that in the background the expansion scalar Θ reduces to Θ = 3H, the interaction term (38) can be seen as a covariant scalar quantity. Then, its first-order perturbation iŝ
This completes our description of model IDEM 1.
The second case studied is f (r) = 1/r. It is obtained from (22) with α = 0 and β = 2, equivalent to an interaction term
A statistical analysis of this model using SNe Ia data was performed in [68] . From equation (15) we obtain for r (a),
This solution has an interesting asymptotic behavior. In the early universe, when a tends to zero, the ratio between CDM and DE energy densities goes to (r 0 + γ) a −3 i.e., it diverges. This limit means that CDM always dominates over DE in the past, but, if γ < −r 0 , the DE density arises from an initial negative regime. In the following we shall exclude such primordial negative DE density phase by imposing the constraint γ > −r 0 . In the far future, i.e., when a 1, solution 46 tends to −γ, i.e., a certain amount of CDM will persist forever. Furthermore, this limit implies that for a positive interaction parameter the DE density will become negative in the future. Figure 4 shows the ratio r (a) for IDEM 2 for different values of γ. Again, negative values of the interaction parameter (γ < 0) can alleviate the CCP. Equation (20) 
The CDM energy density is found by combining (47) with (46) . Then, the background dynamics is completely known. Figure 5 shows the density parameters for all components for different values of γ. Obviously, the behavior of the background solutions for IDEM 2 is very similar to that of IDEM 1. The unified model of the dark sector is determined by the combination of equations (27) and (46) . The effective dark EoS parameter is shown in figure 6 . It is also very similar to that of model IDEM 1.
Finally, at linear order the interaction parameter (45) iŝ The choice f (r) = r is realized for α = 2 and β = 0 in (22) . It leads to the interaction parameter
A statistical analysis with SNe Ia data for this model was also performed in [68] . With f (r) = r equation (15) yields
In the early-universe limit, i.e. for a 1, the ration between CDM and DE energy densities tends to −1/γ. Since we wish to avoid an early negative DE density phase again, we require the interaction parameter to be negative. For a 1, independently of the value of γ, the ratio r (a) tends to zero. Figure 7 shows r (a) for γ = −0.2 and γ = 0. It is evident that for a non-vanishing γ < 0 the ratio between CDM and DE energy densities does not diverge for a 1. In a sense, an interactions of this type may solve the CCP. Equation (19) for the CDM energy density results in 
The corresponding DE energy density follows from (51) with (46) . Figure 8 shows the density parameters for all components for different values of γ. As one can see, even a small value of the interaction parameter can modify drastically the background evolution of all components of the universe and, consequently, the entire expansion history. For this reason it is expectable that the data will strongly constrain the interaction parameter for IDEM 3.
The effective dark EoS parameter in figure 9 is obtained by combining equations (27) and (50) . The value of |γ| quantifies the deviation from pure matter domination in the early universe. The first-order interaction parameter of model IDEM 3 becomeŝ
D. IDEM 4: f (r) = 1 + 1 r
With α = 0, β = 1 and σ = 0 in (23) one has f (r) = 1 + 1/r and
From (15), one finds the ratio r (a),
In the early universe, when a tends to zero, the ratio r(a) diverges, i.e, CDM always dominates. The sign of r(a) in this limit is determined by the combination [γ + r 0 (1 + γ)]. For γ < −r 0 / (1 + r 0 ) DE arises from a negative DE density regime. To exclude an early negative DE density phase we shall restrict ourselves to γ > −r 0 / (1 + r 0 ) which puts a negative lower bound on the value of the interaction parameter. In the far future, i.e., for a 1, the solution (54) tends to −γ/ (1 + γ), which means that there is a remaining CDM component that exists forever. As for IDEM 2, a positive γ leads to negative DE density in the future. density for this model is
Together with (54) it determines the background dynamics. Figure 11 shows the density parameters for all components for different values of γ. The background dynamics of model IDEM 4 is very similar to the dynamics of the previously studied models IDEM 1 and IDEM 2. The effective unified dark fluid EoS parameter which follows from (27) with (54) is shown in Figure 12 . It is also very similar to the EoS parameters of models IDEM 1 and IDEM 2. The linear-order expression for the interaction parameter, calculated from (53), iŝ 
for the interaction parameter. The solution of equation 15 is
For a 1 the ratio r tends to − (1 + γ) /γ, where the relation γ > −1 must be satisfied. Excluding again an initial negative DE density phase, we restrict our analysis to negative values of γ with |γ| < 1. For a 1 the ratio r (a) tends to zero. 
such that the background dynamics is fixed together with (46) . Figure 14 shows the density parameters for γ = −0.2 and γ = 0. As in model IDEM 3, already a small non-vanishing interaction parameter can substantially modify the background evolution of all the components. From (27) and (58) one finds the effective unified dark EoS parameter visualized in Figure 15 . Similar to model IDEM 3, the absolute value |γ| quantifies the difference to the EoS for pressureless matter at a 1. The linearized interaction parameter for this model is given by 
F. Interaction time evolution
Our analysis reveals that the five investigated models can be divided into two groups. The first group, comprised by IDEM 1, IDEM 2 and IDEM 4, is characterized by interactions which become dynamically relevant only recently, i.e., close to the present time. Technically, this is related to the proportionality of the interaction term to (a power of) the DE density. The cosmological dynamics at high redshift is almost unaffected and coincides with that of the standard model. The second group is made up of IDEM 3 and IDEM 5. Here, the interaction term is proportional to (a power of) the CDM energy density which means it is relevant already at early times. Fig. 16 shows the temporal evolution for all five models with γ = −0.2 (left panel) and γ = +0.2 (right panel). At late times all models behave similarly, but at early times IDEM 3 and IDEM 5 differ strongly from the other models. Fig. 16 demonstrates that, even though |Q| values of IDEM 1 and IDEM 4 are growing at high redshift, at z ≈ 10 4 the |Q| values for the models IDEM 3 and IDEM 5 are about eight orders of magnitude larger. In turn, IDEM 2 presents much lower values of |Q| compared to the other models at recombination era. 
V. STATISTICAL ANALYSIS
In this section we present a statistical analysis for the IDEMs presented in the previous sections. The statistical analysis was performed through a suitable modification of the Boltzmann code CLASS [69] and the MCMC statistical code MontePython [70, 71] .
A. Observational data
In order to understand how each of the data sets constrains an interaction in the dark sector, the statistical analysis is performed gradually. At first we use geometrical tests related only to the recent expansion history of the Universe: Type-Ia Supernovae (SNe Ia), the present value of the Hubble rate (H 0 ) and Cosmic Chronometers (CC). Thereafter, we add Baryonic Acustic Oscilations (BAO) data which, while representing a geometrical test, are related to the primordial photon-baryon fluid. Finally, we constrain the models using the Planck TT data. We start by introducing the data sets used in the statistical analysis and their respective likelihoods.
a. Type-Ia Supernovae (SNe Ia): The first data set used to perform statistical analysis is the SNe Ia data. Historically, the SNe Ia were of great importance for cosmology, having been the key observation of the accelerated expansion observed currently [12, 13] . In this work, we use the complete set of the "Joint Light-curve Analysis" (JLA) sample [4] , which contains 740 data points from z = 0.01 until z = 1.30 [84] . The observable quantity in this case is the is the distance modulus
where m * B is the B-band peak magnitude measured in the rest-frame, x 1 is the time stretching of the light curve at maximum brightness, c is the color of the SN at maximum brightness and M is related to the absolute B-band magnitude. The parameter M B depends on the host stellar mass,
On the other hand, from a theoretical point of view, the distance modulus, in units of Mpc, can be obtained as
where the term in square brackets is the luminosity distance. The statistical analysis is then performed using the equations (61) and (63) to write the likelihood function,
where ∆ µ is a vector whose components are µ obs. i − µ th. (z i ) and C JLA is the covariance matrix of the JLA data, which is given by the sum of a statistical part and a systematic part (C JLA = C stat. + C sys. ).
b. Current value of the Hubble rate (H 0 ): As the second observable quantity, we use the recent model independent measure of the local value of the Hubble parameter from [72] . Since SNe Ia can not constrain simultaneously the parameters M and H 0 , we consider a combination of SNe Ia with this data point of H 0 . The likelihood function in this case is 2 ln (L H0 ) = H 0 − 73.24 1.74
c. Cosmic Chronometers (CC): The third data set refers to the so-called cosmic chronometers. These are also model-independent data which are obtained from measures of differential ages of old galaxies that evolve passively at different times (different values of redshift, from z = 0.07 until z = 1.75). Combining these measures with the know redshift of the galaxy, one obtains the Hubble rate at the time. In this work we use the 31 data points presented in table I. Since all data points are independent, the likelihood function is given by,
d. Baryonic Acustic Oscilations (BAO): The fourth data set used comes from the analysis of the baryonic acoustic oscilations. Even if the BAO have a perturbative nature, they produce an imprint on the galaxy distribution that can be measured using background quantities. The relevant physical quantities for the BAO data are the sound horizon at the drag time, the angular distance and the spherically-averaged distance, which are given respectively by,
where, in equation (67), c s corresponds to the sound speed in the primordial photon-baryon plasma. Table II shows all the data used in this work with the respective surveys from where the data was obtained.
In general, the BAO likelihood takes the following form,
In the above equation, ∆ V is a vector whose components are given by V
, where V corresponds to the BAO variables in the third column of table II, and C BAO is the covariance matrix of the data. In this case, only the 
Recently, a statistical analysis using data from angular BAO was performed in [80] . e. Planck TT: The last data set used to constrain the interacting models is the Planck measurements of the CMB temperature anisotropy. As it is well-know, the CMB data is able to provide a strong constraint on the parameter Ω c0 , then, since the interaction parameter γ affects the CDM dynamics (as well as the DE dynamics), it is also expected that the CMB data can strongly constrain the interacting models. In this work, we use the Commander and Plik codes [85] , respectively, for the low l analysis (l < 30), and for the high l analysis (l ≥ 30) [81] .
B. Results
Our results are summarized in tables III and IV, and figures 17, 18, 19, 20, and 21 . In table III we list the values for H 0 , Ω m0 and γ where Ω m0 is the total matter density parameter, defined by the sum of CDM and baryon contributions. For the background tests the baryon density parameter was fixed by the results from nucleosynthesis [82] , in the Planck TT analysis, however, Ω b0 is a free parameter. Table IV shows the results for Ω b0 h 2 , Ω c0 h 2 , the actual angular scale of the sound horizon at decoupling 100θ s , the spectral tilt n s and the reionization parameter τ reio if only the Planck TT data are used. We mention that for all tests, the Gelman-Rubin convergence parameter satisfies the conditionR − 1 < 0.01 [83] .
VI. DISCUSSION AND CONCLUSIONS
We investigated five types of dark-sector interactions for which the ratio r of the energy densities of CDM and DE is a function of the scale factor only. These models are examples of a general class for which a unified description in terms of a function f (r) is possible. Requiring that early DE be not negative provides us with constraints on the interaction parameter γ. For models IDEM 2 and IDEM 4 we have a negative lower bound on γ, while for IDEM 3 and IDEM 5 there is an upper limit γ = 0, which means that only matter creation is allowed in these models. Models IDEM 3 and IDEM 5 are particularly sensitive to the interaction, even a small value of the interaction parameter can drastically affect the background dynamics. As shown in Fig.16 the interaction for IDEM 3 and IDEM 5 at high redshift is stronger than that for the other models. This indicates a rather high rate of matter creation at an early epoch. Since we don't expect a present amount of CDM much bigger than the standard-model value, such interacting models necessarily have a rather low CDM fraction in the past. As Figs. 8 and 14 show, these models, upon assuming the standard value of Ω c0 , predict a baryon-dominated era, which does not seem to be compatible with the standard description of the Universe before and through the recombination era.
The late-time observational data from H 0 and SNIa leave room for a matter creation scenario (γ < 0). The data from BAO, or above all, from Planck TT, however, constrain the interaction strongly to values very close to γ = 0 (LCDM model). Models IDEM 3 and IDEM 5 are virtually discarded. The remaining models allow for a small range of the interaction parameter (γ ∼ ±0.15 at the 2σ confidence level).
Since the ΛCDM model fits most observation extremely well, in particular the CMB data, from the outset, interacting models are not expected to disagree substantially from this standard-model behavior.
Quite generally, our analysis demonstrates that an interaction in the dark sector is not excluded but the range for the still admissible interaction parameter is very narrow. Moreover, for viable models the interaction has to become dynamically relevant only close to the present time. An extended analysis of these models (for example at non-linear The authors of reference [4] mention that the correlation between Ω m0 and the nuisance parameters α, β and ∆ M is small for the ΛCDM model. This fact suggest that for models with isotropic luminosity distance which are evolving smoothly with redshift, the binned JLA data can be a reasonable data set to constrain the cosmological parameters. Now, in the context of the present paper, the interaction parameter γ affects the CDM dynamics (as well as the DE dynamics). Therefore, it seems prudent to verify if there is a correlation between γ and the nuisance parameters α, β and ∆ M . In this appendix we present a statistical analysis for all the investigated models using only the SNe Ia (JLA) data. The result is shown in table V and in figure 22 . In this analysis we marginalize numerically over the combination of the parameters M and H 0 . According our results, one can conclude that the nuisance parameters are almost unaffected by the interaction. 
